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"FRACTAL-LIKE", BUT NON-FRACTAL, BEHAVIOR OF ONE STEP DI FOLAR ENERGY
TRANSFER ON REGULAR LATTICES WITH EXCLUDED VOLUME

C. L. Yang** p, Evesque*, M. A, El-Sayed'l

Department of Chemistry and Biochemistry, University of California at

Los Angeles, CA 90024, U.S.A.

ABSTRACT ;

- simylation calculation Is carrfec out for the time dependence of the donor
Intensity as one-step acceptor +t-apping process on a simple cubic lattice of
Interconnected rods of dimensions comperable to those found for the pores of
Vycor (Corning glass 7930). The donor and acceptor are allowed to occupy random
sites on the surface of the pore. The results are fitted using the equations of
Blumen and Kiefter! for energy transfer on a fractal structure. An "apparent
fractal"™ dimensicn, <d'>, |s determined which Is shown to result from an
excluded volume effect and Is not due to & real fractal structure. <d'> Is
foun¢ tc depend siightiy on time, the acceptor concentration, and the

length:width ratic of the pores.

** in partial fulfiliment of the Ph, D, cegree

* on leave from: E.R.A, 133=C.N.R.S.,University Parls Vi, FRANCE
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FAGE 2
INTRODUCT ION

Fracfalsz, structures with a dilation symmetry, have attracted a grest deal
of attention recently. This Is due to thelr utillty for describing

dlsordered systems, They have been used to descrlibe systems In

3,4 6

R pro*teln“'5 and surfaces science
8

» 8nd processes such &8s crystal
9

polymer

« Fractal|s aiso have been

used tc describe the diffusion of liquids Into porous medla‘o.

gro-fh7, dlelectric breakdown®, turbulence and chaos

At least three different dinensions are required to deflne a fracfal‘l"z.
The first [Is the Eucllidean dimension, d, In which the structure Is embedded.
The second is called the fractal dlmenslonz, D. This descrlbes the dependence

of the number of sites N(R) on the distance R, through the relation (N(R) = rRD).

11,12

The thirc dimension is the spectral or fracton dimension , 0, which governs

the random walk and relaxation processes and determines the denslty of states of

the structure. The spectral dIimension has been previously discussed In

electron~spin relaxation studies in pr'o?elns"'5

13,14

and triplet-triplet annlhilation

studies In mixed molecular crystals More recently, studies of one step

electronic energy transfer have been discussed, both 'theoreﬂcally1 and

experinenfally‘s. In terms of the fracta! dimension D,
Energy transfer between Rhodamine B and Malchite green doped Into Corning

13 anafyzed In terms of the Klefter

Vycor gqlass (7930) has been experimentally
and Blumen' equation relating the fractal dimension to the temporal behavior of
the donor Intensity. A fractel dimension of 1.74120.12 has been determined.
Electron microscoplc studies'® of the Corning 7930 Vycor glass showec that Vycor

gless Is @& rather compact packing of spheres whose dliameters are narrowly

[
distributed sroung 200 A, This packing Is consistent with other resuits such as




FAGE 3

the pore size distribution, which is found to be sharp (with a dlameter of
40 +3 §)15, and the volume fraction of pores, which constltutes only 25-t0~30 §
of the total volume'?,

The above observetions together with the fact that donor and acceptor
molecules have finlte thicknesses (~5 :) Justity representing the structure of
the pores In Vycor by & three dimensional simple cubic lattice of Interconnectec
rods, each having a dlameter of 40 ﬁ (the pore diameter) and a length of 200 A°
(the diameter of the sgheres). With this structure, we carried out simulation
c2lculations of the decay of the donor Intensity resuiting from a one step
dipole~dipole energy transfer to acceptors. The resuits were then fitted to the
Blumen-Klefter rsqua‘ric':n1 and an "apparent fractai” dimension wasg determined.
The lstter, as expected for a non-fractal structure, Is found to depend on time,
the acceptor concentration, and the length:width ratio. However, within the
range of times and concentrations normally available to experimentallist, an
"apperent constant fractal®™ dimension can be Inferred. At very long tires
and/or at very lcw acceptor concentrations (conditions that cannot be reached
experimentally due to the Iimitations Imposed by the value of the radiative
iifetime of the dcnor), & dimensionality of 3.0 is observed. These findings are
the result of the excluded vclume (of the spheres) and the excliuded surface (due

to surface of contact between spheres) and are not due to the fractal structure.

The Model

We consider only the one step dipole-dipoie donor-to-ecceptor transfer,
Donor=donor energy transfer is excluded. Furthermore, the energy levels of the

dcnor anc¢ acceptor and the temperature sre such that no acceptor to donor back

-.;. '—)r -"' Cprapr
A s e R Ay
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transfer Is allowed,
Consider the case of one excited donor located at 2 position RD which s

-2
surrounded by @ statistical distribution PA(RD , T?:) of acceptors at position
-~ > >
RA' These acceptors can trap the donor excitation In a trapping time 2;(RA-RD)
*> >
which depends on the relative distance RA'RD between the acceptors and the

donors. It can be shcwn that the decay curve of the donor excitation followsthe

equa'ﬂon1 7,1 8:

, = > -
IED (t) = exp -{-f;+ | dRA PA(R;, R;) [1 - exp -(1 '(:—i:::a)) 1} (1)

t

where To Is the donor Iifetime In the atsence of acceptor and d-ﬁ: is the volume
element over which the Integration Is performed. Equation (1) has been usec
previously 2ssuming all donor posltions are equivalent. In our structure, this
Is not true since short time couplling to acceptor distribution is dlfferent for
donors positionec &t rod Intersections from those situated In the middie of the
rods. For this reason, averaging over the donor pesltion deems necessary., The

averaging of equation (1) over the positions of the donors with distribution

->
FD(RD) leads to the result:
- -y .t ! D - -> ¢_t. L - .
() = j dR) P (R) exp -i T+ | X, P, (R, R)[1-exp -( s "%))]' (2)
© 4 t A
S ] lﬁ"-"i £
with Tt(RA-RD) = 7y _AifD_J o In order to simpllfy the Integration, we

have representec the narrowo distribution of the radli of the spheres, by @
regular distribution of the centers of the spheres on &8 simple cubic lattice,

whose spacing Is equal to twice the radlius of a sphere, Ro. Electronic energy
transfer from donors to acceptors lying either on the same sphere or on two

different spheres ore allowed. As no molecule can occupy sites on surface of @

[ J
contact between any two spheres due to the thickness of a moiecule (~5 A), eon
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exciude¢ surface effect Is expected. We took thls Into acoount by transforming
the lattice of stheres Intc a lattice of rods, interconnected and directed along
the three axis of the cubic lattice. The lengths of the rods are equal to the
dlameter of the sphere and thelr dlame ters are equal to the pore diameters.,
Donors &nc acceptors are allcwed to occupy random sites on the surface of these

rods.
RESULTS ANC DISCUSSION

The simulation conslsts of calculating ID(f)e(*Mc) using Eq.(2) at

different times *t; for different acceptor concentrations, Ppo; 2nd for
different rod length:width ratio (L/W). The numerical Integration was carriec
out on the surfece where the donors and acceptors are randomly distributed.
This represents the time dependence of the donor Intensity resuliting only from
energy transfer processes (an¢ not from first-order decay).

in order to fit our simulation, we have used the eguation previously

derived':
I_(t) = exp = Lep ('—t-)d (@)/s } (%)
D ¢ A Tt

For dipole=¢ipoie transfer, s = 6; A Iis a time Independen?' function; and d is
the Euclidean or fractal (D) dimensional ity depending on the structure of the
syster studlied. This equation has been use¢ by Even et al‘5 to fit experimental
deta for energy ftransfer between Rhodamine B and Maichite green on Vycor and
geve U = 1,74 + 0,12,

It is obvious that the simuletion of the temporal behavior of the donor

intensity In our mode! should not, and indeed does not, follow & simple decay
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law of the form of Eq. (3) In a strict sense. Thus, the exponent of the time
In Eq. (3) cannot be D, since we selected a cublc and not a fractal lattice.
As will be shown below, thls exponent does not have to be Integer at all times
or acceptor oconcentrations; thus, it cannot be d. Llet us call It d'. It Is
found, as expected, that d' depends on the time and on the acceptor
concentration, In order to determline the time and concentration dependences of
this exponent, the negative logarithm of the calculated Intensity has been
ploted versus time on a in-in piot for different acceptor concentrations (see
fig. 1). In such plots, the siopes of the curves are equel to d'/6. Although
Fig. 1 shows that d'/6 depends on the time, It also shows that It Is
apprcximately constant for a given range of time, concentration, and L:W. This
3llows us to use Eq. (3) to determine an average value of d', <d'>, for
structures such as the one we are presently usling.

It Is then possible that, on Vycor-like structures, the decay can be
describec with a pseudo-constant exponent. For instance, most experimental
results are obtained during the time required for the Initial Intensity <o
decrezse by at most a factor of 100. During this time range, the value <d'> [s
apparently constant,

From Fig. (1), the best value of «'> Is determinec for the different time
and concentration range of interest. With these values, equation (3) is then
tested; and the resuits are shown In Fig., (2) which glves & straight |ine for
inIvs, 199'3/6

Table 1 glves the velues of <d'> for the dlfferent concentrations and L:W
for the time range required for the donor Intensity to decay to 1/100 of Iits
initial value. In this table, the transfer decay times ("Z"') In units of e

critical ftransfer time (‘T‘), the time of transfer at & donor-acceptor distance
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b of the sphere radlus, R, are also glven for different concentrations and LW
values. As expected, as the L:W ratio Increases, <d'> decreases, and,
eventually, one~-dimensional behavior Is observed. Also, as the ooncentration
: v decreases (or the time Increases), the effects of the excluded volume and
fo surface disappears; and three-dimensional behavior Is recovered.

:éé The approximate simulation above shows that <4'> =1,7 (the value
- determined experlnenfally)‘5 can be obtained for an acceptor concentration of 6
ii& molecules per sphere and an L:W ratlio of 10, These values have to be compared
'* to the experimental ones: |f all of the pores between the spheres In Vycor are
gif interconnected, the L:W ratio should be 200:40 =5, The concentretion used
E by Even et 211® yas 2-to~3 nmolecules/sphere, If one &ssures & random
:E; distribution of donors and acceptors within the VYycor glass.,

e Our mode! oversimplifies the Vycor structure. The silicate spheres
{;; probatly are randomly packed, and the microstructures of the pores are not
r:: knowr., Thus, one shcould not take our comparison with experiments too seriously.
* It Is not the purpose of this study, however, to attempt to describe the Vycor
J"‘ structure, nor tc compare our results with experimental observation. The maln
lgg purpose of thls work Is to show that, If one studies one-step trapping process
: on & non-fractal (e.g., cubic) lattice with exciuded volumes of length scales
equal or greater than the characteristic energy transfer length, an apparent
‘E; fractz! behavior can be obtained over limited range of time (or acceptor
ii: concentrations)., Of course, one can try tc distinguish between & true fractsl
ﬂ" and an apparent fractal behavior If the experImental study Is carried out over @
::Ei,' long time scale., Most unfortunately, this Is not possible due to the Iimitation
"_' Imposed on the exper imentelIst by the finite |ifetime of the excited state of
the donor.
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Extensions of thls work to simulations of other Interesting |
structures are now In progress, and the detalls of these simuiationswiil be

published later.
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Figure caption:

Fig. t:

Plot of the I(n(-in(intensity)) versus In(time) for different acceptor

concentration P, on & simple cubic lattice of rods of length:width ratic of 5

for top and 10 for the bottom figure. Dipolar Interaction (s=6) Is sssumed. 'D

denotes the donor Iluminescence Intensity; the slope of the curves deflines an

exponent d'/s which varles with time, and concentration as expected for
ncn-fractal structure. Py =20, Pp =6, PA*=2. tislin

arbitrary unit,

Fig. 2:

Picts of the calculated In of the donor intensity versus 1<0'>/6 1 seml- log
scale, where <d'> Is the average fractiona! dimension value obtalned from the
averaging sliope of Fig., 1. These results show that "fractal-Ilke" behaviors can
be observed over the range of time and concentration used experimentally if a
structure simiiar to the one with which we approximated the Vycor structure Is

used. Py = 20, Po = 6, P, = 2. t s Inarbitrary unit.
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,-' Tabie 1: The dependence of <d'> (the average pseudo dimensionallty) and the
- transfer time '2;3 on the acceptor concentration P, and length:wlidth ratio L/W.
- T, Is the time for which the donor Intensity has decayed to 1/e of Its Inltlal
velue in unlt of ‘Z-’,, the characteristic time for a transfer between a donor
and an acceptor separated by R, the radius of the sphere.
s
v
4 L/W 5 10
A
~ P, 2 6 20 2 6 20
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